Background-CD4+ cells are implicated in the healing process after myocardial infarction (MI). We sought to investigate the role of interleukin-23 (IL-23) deficiency, a cytokine important in differentiation of CD4+ cells, in scar formation of the ischemic heart. Methods and Results-MI was performed in wild-type and IL23p19−/− mice. Thirty-day mortality, hemodynamic function 4 days after MI and myocardial inflammation, and remodeling 4 and 30 days after MI were examined. Differentiation of fibroblasts from infarcted and noninfarcted hearts into myofibroblasts was examined under basal conditions and after stimulation with interferon-γ, IL-17α and IL-23. Interleukin-23p19−/− mice showed higher expression of proinflammatory cytokines and immune cell infiltration in the scar early after MI compared with wild-type mice. A stronger interferon-γ/ Th1 reaction seemed to be responsible for the increased inflammation under IL-23 deficiency. Expression of α-smooth muscle actin (α-SMA), collagen I and III was significantly higher in the heart tissue and isolated cardiac fibroblasts 4 days after MI in the wild-type mice. Interleukin-23p19−/− mice showed impaired healing compared with wild-type mice, as seen by significantly higher mortality because of ventricular rupture (40% higher after 30 days) and stronger left ventricular dilation early after MI. Stimulation of cardiac fibroblasts with interferon-γ, the main Th1 cytokine, but not with IL-23 or IL-17α, led to a significant downregulation of α-smooth muscle actin, collagen I and III and decreased migration and differentiation to myofibroblasts. Conclusions-IL-23 deficiency leads to increased myocardial inflammation and decreased cardiac fibroblast activation, associated with impaired scar formation and adverse remodeling after MI. (Circ Heart Fail. 2014;7:161-171.) 
I n past years, extensive research work has shown that the immune system is centrally involved in the wound healing processes after myocardial infarction (MI). Immune cells cooperate with cardiac innate cells for clearance of cell debris, angiogenesis, and coordination of the reparative mechanisms. However, immunosuppressive therapeutic interventions in the myocardial inflammatory response have been largely disappointing, showing that not a generalized immunosuppression but rather a target-specific immunomodulation might be the right strategy. 1 Therefore, a better understanding of the inflammatory response after MI is necessary to develop proper therapeutic strategies.
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Apart from the innate, the adaptive immune system is also activated early after MI and influences the myocardial remodeling and scar formation. CD4+ helper T cells infiltrate the myocardium after MI and are necessary for effective wound healing. 2 Cytokines involved in the differentiation of helper T cells into their different subsets, such as interferon-γ (IFN-γ) and interleukin-17α (IL-17α), are found upregulated in the myocardium after MI. 3 Deficiency in CD4+ cells leads to adverse remodeling and increased ventricular rupture. 2 In our previous work, we could also show that administration of an IL-2-IgG2b fusion protein after MI could reduce myocardial inflammation and improve myocardial remodeling through upregulation of CD4+ regulatory T cells, an anti-inflammatory group of CD4+ T cells. 4 CD4+ helper T cells consist of several distinct subsets, which play various roles in the inflammatory response. 5 Cytokines of the IL-12 family, mainly IL-12 and IL-23, play a central role in their differentiation. IL-12 drives mainly the Th1 response, whereas IL-23 stabilizes the Th17 cells. Both cytokines are heterodimeric cytokines and share a common subunit, the IL12p40 unit, showing their potential interactions in the coordination of the immune response. 6 The exact microenvironment in the inflammation area decides which subunits bind together to form either IL-12 or IL-23. Th17 and Th1 cells are implicated in the pathogenesis of atherosclerosis and are upregulated in patients with acute coronary syndromes. 7, 8 Furthermore, IL-23 and Th17 cells play a pathogenic role in transplant rejection after heart transplantation, 9 as well as in viral myocarditis, where they drive myocardial inflammation and viral replication. 10, 11 However, little is known about the exact role of Th1 and Th17 subsets and IL-23 in the remodeling processes of the myocardium itself after MI. Therefore, we examined the effects of IL-23 in myocardial inflammation, wound healing, and survival in IL-23 knockout (IL-23KO) animals using a mouse model of MI.
Methods

Animals, Surgical Procedures, and Hemodynamic Measurements
Male C57BL/6j mice (8-12 weeks old) were purchased from Charles River Laboratories, Sulzfeld, Germany. IL23p19−/− (IL-23KO) mice on the C57BL/6j background (wild type [WT]) were a kind gift from Genentech Inc (San Francisco, CA), and were housed in the Research Facility for Experimental Medicine, Charité Universitätsmedizin, Berlin, Germany. MI was induced by permanent occlusion of the left anterior descending artery as previously described. 12 Hemodynamic measurements with a microconductance catheter are described elsewhere. 13 The investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health and was approved by the local ethics committee (LaGeSo).
Immunohistology
Frozen tissue samples were embedded in Tissue-Tek (Sakura Finetek, Torrance, CA) and cut into 5-μm thick sections. Staining for following antigens was performed: CD4 (BD Biosciences, Heidelberg, Germany), CD11b (Mac-1; BD Biosciences, Heidelberg, Germany), γδ TCR (GeneTex, Irvine, CA), α-smooth muscle actin (SMA; Abcam, Cambridge, United Kingdom), collagen I (Merck Millipore, MA), collagen III (Merck Millipore, MA), neutrophils (Abcam, Cambridge, United Kingdom). Analysis of stained sections was made in a blinded fashion by digital image analysis on a Leica DMRB microscope (Leica Microsystems, Wetzlar, Germany) at a ×200 magnification, as previously described. 14 The number of cells is expressed as cells per millimeter squared and amount of the different proteins as the percentage of the area of the examined section, which was red stained (area fraction %).
Isolation and Culture of Murine Cardiac Fibroblasts
For the characterization of adult murine cardiac fibroblasts tissue from the infarcted, noninfarcted, and sham-operated left ventricle was obtained 4 days after operation. Obtained tissue was cut in small pieces, which were fixed in 12-well culture plates. The outgrowing primary fibroblasts were cultured in Dulbecco's modified Eagle's medium (PAA, Cölbe, Germany) containing 10% fetal calf serum, 100 U/mL penicillin, and 100 μg/mL streptomycin (PAA, Cölbe, Germany) at 37°C with 95% air and 5% CO 2 . Fibroblasts from passage 0 (P0) were used for basal characterization. Cells were lysed at 80% to 90% confluence in RLT-Buffer (Qiagen, Hilden, Germany) containing 1% mercaptoethanol. RNA isolation samples were stored at −80°C until used.
Stimulation of Cardiac Fibroblasts
Cardiac fibroblasts at passage 4 to 8 from healthy and infarcted WT hearts were used for stimulation with IFN-γ, IL-23, and IL-17α and assessment of their wound healing capacity. Before starting the stimulation cells were washed once with 1× PBS (PAA, Cölbe, Germany) and starved in Dulbecco's modified Eagle's medium (PAA, Cölbe, Germany) containing 0.5% fetal calf serum, 100 U/mL penicillin, and 100 μg/mL streptomycin (PAA, Cölbe, Germany) for 18 hours. Then they were treated with 10 ng/mL IFN-γ (Peprotech, Hamburg, Germany), 10 ng/mL IL-23 (Miltenyi Biotech, Bergisch Gladbach, Germany), or 10 ng/mL IL-17α (Peprotech, Hamburg, Germany) for ≤24 hours. The untreated control cells were incubated for the same time without addition of IFN-γ, IL-23, or IL-17α. The experiments were repeated 3× with n=6 per group.
Assessment of Fibroblast Wound Healing Capacity
For assessment of the healing capacity of cardiac fibroblasts, a scratch healing assay was used. Fibroblasts from sham hearts stimulated with IFN-γ and untreated fibroblasts were used as described above. A wound was made by scratching across each well with a 1000-μL pipette tip. Healing capacity of the fibroblasts was assessed as the percentage of the initial scratched area at 0 hours that was repopulated by fibroblasts after 6 and 24 hours.
RNA Isolation and Gene Expression Analysis
Total RNA from tissue was isolated using the Trizol method as described previously. 14 Gene expression analyses were performed with the 7900 TaqMan System (Applied Biosystems). After gene expression assays were used: Col1A1 (Mm01302043_g1), Col3A1 (Mm00802331_m1), Acta2 (Mm00725412_s1), tumor necrosis factor-α (Mm00443258_ m1), IL-1β (Mm00434228_m1), IL-10 (Mm00439616_m1), IL-6 (Mm00446190_m1), transforming growth factor-β (Mm00441724_ m1), monocyte chemoattractant protein-1 (MCP-1; Mm99999056_ m1), MCP-3 (Mm00443113_m1), Tbet (Mm00450960_m1), RORγt (Mm03682796_m1), IFN-γ (Mm00801778_m1), IL-23r (Mm00519942_m1). The expression of IL-17α was examined with a semiquantitative method with following custom-made primers: forward 5′-CCTCAGACTACCTCAACCGTTC-3′ and reverse 5′-TTCATGTGGTGGTCCAGCTTTC-3′.
The quantification of the relative mRNA expression was performed using CDKN1b (Mm00438167_g1) for each sample as an internal control and expressed in the 2-ΔCt formula. For the comparison of the effect of different stimulation experiments the mRNA expression was normalized to the WT-sham using the 2-ΔΔCt method. 15
Zymography of Matrix Metalloproteinase Activity
Gelatin zymography from frozen heart tissue was performed to determine the gelatinolytic activities of matrix metalloproteinase-2 and matrix metalloproteinase-9 in the scar and the noninfarcted area as previously described. 13 
Western Blot
Left ventricular (LV) samples of the infarcted, noninfarcted, and sham-operated area of the heart were homogenized in lysis buffer containing proteinase and phosphatase inhibitors. Collagen I, GAPDH, and the total and phosphorylated forms of the signal-regulated kinase (ERK)-1/2 and Stat3, involved in the IL-23 signaling, were detected with specific antibodies (Cell Signaling Technology) as previously described. 12
Statistical Analysis
Statistical analysis was performed using Graphpad Prism 5.0 (Graphpad Software, La Jolla, CA). Data are expressed as mean±SEM. Data were tested for normality with the Kolmogorov-Smirnov and the Shapiro-Wilk tests. Statistical differences between groups were assessed with 1-way ANOVA and the Bonferroni post hoc test for normally distributed data or the Kruskal-Wallis test with the Dunn post hoc test for nonparametric data. Because of the small number of 8 to 10 animals per group, a nonparametric approach was used. Survival analysis was performed with the Kaplan-Meier method and survival curves were compared with the log-rank test. Differences were considered to be statistically significant at a 2-sided value of P<0.05.
Results
LV Function After MI
IL-23KO mice showed significant dilation of the left ventricle 4 days after MI. LV end-diastolic volume was 35% and end-systolic volume 33% higher in the IL-23KO mice compared with their WT controls (P=0.02 and 0.05, respectively). Accordingly, LV end-diastolic pressure was higher in the IL-23KO mice (P=0.0016 versus WT; Table) .
Effects of IL-23 on Mortality After MI
Deficiency of IL-23 led to a 40% higher mortality in the knockout mice compared with that in the WT mice (P=0.04). All deaths in both strains were because of ventricular rupture in the subacute phase after MI ( Figure 1 ). IL-23KO mice showed a higher rate of ventricular rupture. No further deaths were observed in any of the 2 groups between days 8 and 30 after MI.
Role of IL-23 in Early Myocardial Inflammation After MI
The mRNA amount of IL-23R was significantly upregulated by 4.2× in the infarcted area (P=0.0003) compared with the sham-operated animals and by 1.5× compared with the noninfarcted area (P=0.017) in WT animals 4 days after MI. The IL-23KO mice showed a 40% lower mRNA expression in the infarcted area (P=0.003) and a 50% lower mRNA expression in the noninfarcted area (P=0.0076) compared with the WT mice ( Figure 2A ).
Gene expression of IL-1β was 60% higher in the infarcted area in the IL-23KO mice compared with WT (P=0.006) and that of IL-10 in the infarction zone was reduced by 40% because of IL-23 deficiency (P=0.0379 versus WT). Gene expression of IL-1β and IL-10 in the noninfarcted area was the same between the 2 strains ( Figure 2C and 2D). Analysis of tumor necrosis factor-α, transforming growth factor-β, and IL-6 showed no significant difference in the mRNA expression between the 2 strains (Figure 2b , 2E, and 2F). Gene expression of the chemokines MCP-1 and MCP-3 did not differ in the scar; however, the IL-23KO mice showed a 1.8-fold increase of MCP-1 and a 1.7-fold increase of MCP-3 mRNA in the noninfarcted area (P=0.049 and P=0.049, respectively; Figure 2G and 2H).
Immunohistologic analysis of immune cell infiltration in the myocardium 4 days after MI revealed a 2.9-fold increase of CD4+ cells (P=0.013 versus WT), an 1.4-fold increase in neutrophils (P=0.036 versus WT), and an 1.4-fold increase in CD11b cells (P=0.021 versus WT) in the infarction zone in the IL-23KO mice 4 days after MI, with no significant differences in the noninfarcted area of the LV ( Figure 3A -3C). Finally, we found no significant difference in the number of γδ-T cells between the WT and IL-23KO mice ( Figure 3D ).
Effect of IL-23 on Balance Between Th1/Th17 Reaction
We examined the myocardial gene expression of signature cytokines, IFN-γ for the Th1 and IL-17α for Th17 cells, and the gene expression of their transcription factors, Tbet and RORγt, respectively, 4 days after MI. IL-23KO mice showed a significant 3.3-fold higher gene expression of IFN-γ in the infarcted area (P=0.046) and a 2.4-fold higher gene expression in the noninfarcted LV (P=0.025) versus the WT mice. However, WT mice showed a significant upregulation of IL-17α in both the infarcted and the noninfarcted area, whereas the IL-23KO failed to upregulate IL-17α after MI. Accordingly, mRNA amount of Tbet in the scar was significantly higher in the IL-23KO mice compared with that in the WT mice (P=0.0078 versus WT), whereas gene expression of RORγt was significantly lower (P=0.0012 versus WT), indicating a stronger activation of the Th1 over Th17 immune reaction under IL-23 deficiency ( Figure 4A-4D ).
Myocardial Stat3 and ERK1/2 Activation
To investigate the effects of IL-23 on the myocardium, we examined by Western blot analysis the phosphorylation of Stat3, the main transcription factor over which IL-23r signals 4 days after induction of MI. A significantly enhanced phosphorylation of Stat3 was observed in both the infarcted and the noninfarcted area compared with sham-operated hearts. However, we found a 2.8-fold increase in the phosphorylation of Stat3 in the infarcted area in the WT compared with that in the IL-23KO mice (P=0.0056). Likewise, a significantly higher activation of Stat3 by 2.6× was observed in the noninfarcted area of the WT compared with that in the noninfarcted area of the IL-23KO mice (P=0.0009; Figure 5A ).
The phosphorylation status of ERK1/2 was significantly upregulated in the infarction area compared with healthy hearts in WT mice. We observed no significant activation of ERK1/2 in the IL-23KO mice neither in the infarcted nor in the noninfarcted area. In comparison, activation of ERK1/2 in the infarcted area was 1.5× higher in the WT than in the IL-23KO mice (P=0.028; Figure 5B ).
Myocardial Wound Healing and Remodeling
We analyzed myocardial wound healing parameters and myofibroblast differentiation early after MI to understand the mechanisms leading to increased rupture. Gene expression of both Col1a1 and Col3a1 in the infarcted area 4 days after MI was 20% higher in the WT mice compared with that in the IL-23KO (P=0.021 and 0.029, respectively; Figure 6A ). We performed a zymography to assess the gelatinolytic activity of matrix metalloproteinase-2 and matrix metalloproteinase-9 4 days after MI. We observed no difference in their activity between the 2 strains ( Figure 5C and 5D ). Gene expression of Acta2 as a marker of myofibroblast differentiation in the scar was 25% higher in the WT than in the IL-23KO mice (P=0.026; Figure 6A ).
Increased mRNA expression of Col1a1 in the infarcted area in WT mice persisted until 30 days after MI and was significantly higher by 1.6× (P=0.04) and that of Col3a1 by 1.7× (P=0.042) compared with that in the IL-23KO mice. Accordingly, protein abundance of collagen I in the infarcted area was higher in the WT mice by 3.6× (P=0.002) compared with that in the IL-23KO mice, whereas collagen III protein levels were the same in both groups (Figure 6A and 6C) . Western blot analysis of collagen I confirmed the data from immunohistochemistry and showed a 1.9× higher amount of protein in the scar 4 days and 1.7× 30 days after MI (P=0.0312 and P=0.0048, respectively; Figure 6D ). Higher gene expression of Acta2 persisted also until 30 days after MI (1.6-fold higher in the scar in the WT mice versus IL-23KO; P=0.0028; Figure 6A ). Similarly, protein amount of α-SMA in the infarcted area was 2× higher in the WT than in the knockout mice 30 days after MI (P=0.028; Figure 6B and 6C). No significant difference could be observed in the noninfarcted area between the 2 strains.
Myofibroblast Differentiation Under Basal Conditions
Cardiac fibroblasts from heart 4 days after MI were examined. Basal mRNA expression of Acta2 in WT scar fibroblasts was 1.9× higher than in IL-23KO fibroblasts (P<0.0001). Furthermore, WT fibroblasts isolated from the scar produced 1.4× more Col1a1 mRNA (P=0.0147) and 1.5× more Col3a1 RNA (P=0.0039) than IL-23KO fibroblasts ( Figure 7A-7D ).
Effects of IFN-γ, IL-23, and IL-17α on Cardiac Fibroblasts
WT fibroblasts were isolated from heart and stimulated with 10 ng/mL of IL-23, IFN-γ, or IL-17α. Both IL-23 and IL-17α showed no effects on the mRNA expression of Acta2, Col1a1, and Col3a1 after 24 hours of stimulation on healthy fibroblasts (data not shown). However, we observed significant effects of IFN-γ on fibroblast differentiation. Therefore, we stimulated fibroblasts isolated from sham and infarcted hearts with IFN-γ. Stimulation with IFN-γ led to a significant downregulation of the gene expression of Col1a1, Col3a1, and Acta2 after 24 hours stimulation in fibroblasts isolated from sham-operated hearts or from the scar. The effects of IFN-γ were not so strong on fibroblasts isolated from the noninfarcted LV, where only a reduction in Col3a1 mRNA expression was significant after 24 hours of stimulation ( Figure 7E ). A and B , Wild-type (WT) mice showed a higher deposition of collagen I and III already 4 days after MI, which persisted till day 30 after MI. This was associated with increased presence of myofibroblasts in the scar early after MI, which persisted in the late stage, as measured by α-SMA. C, Representative immunohistochemic images of collagen I, III, and α-SMA from the border zone in WT and interleukin-23 knockout (IL-23KO) mice 30 days after MI (magnification, ×100; scale bar, 100 μm). D, Western blot analysis of collagen I 4 and 30 days after MI confirmed the increased collagen I abundance in the scar in the WT mice compared with the IL-23KO mice. *P<0.05 vs respective WT group; #P<0.05 vs left ventricle (LV) from the same group; and §P<0.05 vs respective sham group. n=8 to 10 per group. January 2014
IFN-γ Effects on Wound Healing Capacity of Cardiac Fibroblasts
We analyzed the effects of IFN-γ on the migratory capacity of cardiac fibroblasts using an in vitro wound healing model. Stimulation of cardiac fibroblasts with 10 ng/mL IFN-γ decreased their migratory capacity by 5% after 24 hours compared with control untreated fibroblasts as assessed by the area they covered 24 hours after induction of a scratch in the culture well (P=0.0054; Figure 8 ).
Discussion
The salient finding of our study is that IL-23 deficiency leads to an impaired scar formation in the ischemic heart. IL-23 controls the direction of the myocardial immune response early after MI and inhibits the Th1 reaction in the scar with its deleterious IFN-γ production. Through indirect effects on myofibroblast differentiation and migration in the infarcted area, IL-23 deficiency led to adverse myocardial remodeling, ventricular rupture, and increased mortality.
IL-23 Controls the Differentiation of CD4+ T Cells After MI
Activation of the adaptive immune system after MI is important for the orchestration of the wound healing process in the heart. 1 IL-23 is centrally involved in the survival and stabilization of Th17 cells but also indirectly by inhibiting the development of Th1 cells. 6, 16 Activation of innate immune cells in the early stages after myocardial infarction is followed by migration of adaptive immune cells and especially CD4+ T cells. 2, 17 Our data show that 4 days after MI the Figure 7 . Analysis of cardiac fibroblasts isolated from the heart 4 days after myocardial infarction (MI) and after stimulation with interferon (IFN)-γ. A to C, Fibroblasts isolated from the noninfarcted area and scar of wild-type (WT) mice showed a significantly higher gene expression of collagen I, III, and α-smooth muscle actin as markers for differentiation into myofibroblasts compared to interleukin-23 knockout (IL-23KO) fibroblasts. D, Representative immunofluorescence images of cardiac fibroblasts stained for α-SMA. Blue, nuclei; red, collagen I. Magnification, ×200; scale bars, 100 μm. E, IFN-γ stimulation led to significant suppression of the gene expression of collagen I, III, and α-SMA in cardiac fibroblasts from sham-operated hearts and the scar, implying that their differentiation into myofibroblasts and their collagen producing capacity is reduced. *P<0.05 vs respective WT group; #P<0.05 vs left ventricle (LV) from the same group; and §P<0.05 vs respective sham group. n=18 wells per group. expression of IL-23 receptor and the transcription factor RORγt, mainly expressed on Th17 cells, is upregulated both in the infarcted and in the noninfarcted area. Ablation of IL-23 led to a change of balance between the Th1 and Th17 reaction in the IL-23KO mice, which was associated with an aggravated myocardial inflammation. Analysis of the number of the heart infiltrating γδ-T cells, which also express the IL-23 receptor, revealed no difference, which implies that in our model IL-23 mainly acted through activation of the Th17 cells.
Immunohistological analysis of the heart 4 days after MI demonstrated a significantly higher infiltration with CD4+ T cells compared with nonischemic hearts. However, CD4+ cells can be divided into several subgroups with both proinflammatory and anti-inflammatory actions. Our data demonstrate that IL-23 acts mainly by suppressing the deleterious Th1/IFN-γ reaction in the early stages after MI, reducing thus excessive myocardial inflammation.
The Th1 reaction and IFN-γ production are traditionally thought to lead to deleterious effects in several immune-mediated diseases. Similar adverse effects of Th1 cells have been demonstrated in the progression of atherosclerosis, development of vascular inflammation, and adverse vascular remodeling. 18 IFN-γ is mainly driving the development of atherosclerotic plaques and vascular inflammation and is associated with adverse prognosis. 19, 20 IFN-γ and IL-17α-producing cells are both upregulated in patients with acute coronary syndromes, implying an activation of Th1 and Th17 cells, respectively. 7, 21 Furthermore, these cells infiltrate the coronary arteries and affect the function of smooth muscle cells. 22 In a recent clinical study in patients with coronary artery disease, low levels of IL-17α after an acute coronary syndrome were associated with a worse prognosis and increased rate of death or reinfarction. 7 Accordingly, our data demonstrate a regulatory and anti-inflammatory role for Th17 after MI, which seems to be associated with inhibition of the deleterious Th1 reaction and IFN-γ production. However, a recent study by Yan et al 23 demonstrated a protective effect of IL-23 deficiency after MI, associated with a decreased myocardial inflammation in the IL-23KO mice. These contradicting results may, in part, be because of different genetic background of the WT mice because the authors exhibited a mortality rate twice as high as in our own study. Furthermore, selection of different time points in our study makes direct comparisons difficult because the inflammatory reaction after MI is a continuously changing process.
IL-23 Deficiency Reduces Stat3 and ERK1/2 Activation
Stat3 is the main transcription factor over which signaling of the IL-23 receptor occurs. Apart from its role in the differentiation of Th17 cells, Stat3 is known to play a protective role in the heart. 24 IL-23 deficiency led to a significantly lower activation of Stat3 in the myocardium in our study. Decreased Stat3 activation is associated with an adverse prognosis after MI by reducing the myocardial capillary growth and interstitial matrix deposition. 25 Furthermore, Stat3 activation is protective in viral myocarditis. 26 Importantly, however, Stat3 activation leads to increased differentiation of fibroblasts into myofibroblasts, associated with increased production of α-SMA and collagen gel contraction, which might in part explain the impaired wound healing induced by IL-23 deficiency in our model. 27 Furthermore, we observed a significant phosphorylation of ERK1/2. ERK1/2 activation is associated with protective effects in myocardial ischemia, mainly because of its antiapoptotic function and effects in hypertrophy and growth. 12, 28 Moreover, ERK1/2 seems to act downstream of Stat3 signaling and be partially responsible for the actions of Stat3 in the myocardium. 28 Another important aspect of ERK1/2 activation is that it seems to be taking part in the IL-23 functions on cell differentiation and moreover to induce IL-23 production in a positive feedback manner, potentiating possibly the effects of IL-23 in our model. 29 Finally, ERK1/2 activation also takes part in the activation of fibroblasts to myofibroblasts, an effect we could also observe in our study. 30 
Deficiency of IL-23 Leads to Impaired Wound Healing and Adverse Remodeling
We observed a decreased collagen deposition in the scar already in the early stages after MI, which persisted throughout the whole observation time. Impaired scar formation in the early stages led to an increased rate of LV rupture in the IL-23KO mice. Isolation of cardiac fibroblasts from the scar 4 days after MI showed a higher gene expression of collagen I, III, and α-SMA in the WT mice, implying a stronger differentiation into myofibroblasts in the WT mice. Furthermore, protein amount and gene expression of α-SMA 30 days after MI was stronger in the WT mice as a marker for myofibroblast persistence in the scar for a longer time than in the IL-23KO mice. Formation of a collagenous scar is important for preventing infarct expansion and LV dilation and is mainly mediated by myofibroblasts. 31 Myofibroblasts migrate into the scar after their activation, express α-SMA, and produce large amounts of collagen I and III already few days after MI. 32 Presence of myofibroblasts and persistence in the scar is of utmost importance and early removal of myofibroblasts leads to impaired wound healing with adverse remodeling, LV dilation, and LV rupture. 31,33
IFN-γ Reduces the Activation of Myofibroblasts
The interaction between cardiac fibroblasts and immune cells and the transition from the inflammatory phase to wound healing and formation of a stable scar is gaining continuously attention. 34 We identified IFN-γ as the main coordinating cytokine in our model. Stimulation of cardiac fibroblasts with IFN-γ led to a significant downregulation of α-SMA, collagen I and III. These effects were retained in healthy cardiac fibroblasts as well as in fibroblasts isolated from the scar. Interestingly, IFN-γ affected less fibroblasts isolated from the noninfarcted LV. Furthermore, IFN-γ-stimulated fibroblasts showed a decreased migratory ability in the wound healing scratch experiment. However, the effects on the migratory capacity were less pronounced than the effects on the activation status of fibroblasts, which implies that IFN-γ acts mainly through induction of differentiation in the fibroblasts and that their migratory capacity might be controlled mainly by other factors in our study. However, stimulation with IL-23 or IL-17α had no significant effects on the expression of α-SMA or collagen by cardiac fibroblasts. However, a positive effect of IL-17α on the migratory capability and proliferation of fibroblasts has been described previously and cannot be excluded in our study. 35 
Study Limitations
Our study was performed in a knockout mouse model in which deletion of the IL23p19 gene led to a loss of IL-23 throughout the experiment. A time-or dose-specific action of IL-23 can therefore not be excluded in our study; however, our data indicate that IL-23 acts mainly in the early stages after MI. Furthermore, we examined cardiac inflammation, myocardial wound healing, and myofibroblasts differentiation 4 days after MI, which we found to be the important time point for impaired wound healing; therefore, time-dependent changes in inflammation and wound healing parameters at other time points cannot be excluded.
Conclusions
IL-23 seems to play a key role in the regulation of the myocardial inflammatory response after MI and its interaction with cardiac fibroblasts. IL-23 deficiency leads to an aggravated myocardial inflammation and impaired wound healing in the ischemic heart associated with high LV rupture rate and adverse remodeling.
